An asymmetric core geometry has been s e l e c t e d f o r the quadrupole magnets i n the storage r i n g of the Advanced Photon Source (APS) i n order t o accommodate the vacuum chamber and photon beam pipes.
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over the required range of s t r e n g t h s ; the longest vers i o n i s being b u i l t because i t is the most d i f f i c u l t one t o make. 'Three major t a s k s a r e being addressed t o implement t h i s plan.
The f i r s t i s t o b u i l d a magnet with removable end-plates; t h i s f a c i l i t a t e s t h e development of the f i n a l contours a t the pole ends. The second i s t o b u i l d a t l e a s t one magnet t h a t i s as i d e n t i c a l a s p o s s i b l e t o those placed i n t h e s t o r a g e ring.
me t h i r d task i s to develop acceptable core assembly procedures and t h e associated t o o l i n g necess a r y to b u i l d magnets to the required geometrical tolerances.
The t h i r d task i s included because t h e core assembly is the most c r i t i c a l phase of the construct i o n e f f o r t ; a t t a i n a b l e , geometrical tolerances f o r the core p a r t s and assemblies w i l l be determined and a c t i o n s w i l l be i d e n t i f i e d , i f necessary, to compensate f o r the e f f e c t s of d e f i c i e n t tolerances. D e t a i l s concerning t h e design of the core assembly a r e the major items addressed i n the following s e c t i o n s . This core has s e v e r a l unusual f e a t u r e s , and the systematic e f f e c t s of some of them on t h e magnetic f i e l d q u a l i t y have been studied with two-dimensional f i e l d c a l c u l a t i o n s .
E f f e c t s of v a r i a t i o n s i n the geometrical dimensions of t h e core t h a t arise during manufacturing have a l s o been studied with c a l c u l a t i o n s i n two dimensions.
The contours on t h e ends of t h e p o l e s are being addressed with three-dimensional f i e l d c a l c u l a t i o n s .
These have shown the r e l a t i v e e f f e c t s of s e v e r a l geometries on t h e e f f e c t i v e lengths of t h e i n t e g r a t e d f i e l d and t h e i n t e g r a t e d , harmonic c o e f f ic i e n t s .
Magnet Design
The design of t h i s q u a d r u p l e has changed somewhat s i n c e i t w a s described last. The core is made from four quadrants, a l l of which a r e magnetically i d e n t ic a l . Each pole i s s t i l l tapered t o reduce t h e saturat i o n e f f e c t s near the r o o t and i s s t i l l r a t h e r long. The d e t a i l s of the pole geometry are shown i n 
Because t h e s e a r e l o c a t e d close t o t h e pole f a c e s , t h e y p r o v i d e a b e t t e r c o n t r o l on t h e p o s i t i o n s o f t h e
pole f a c e s d u r i n g s t a c k i n g .
They also a l l o w t h e p o s i t i o n s o f t h e poles i n a c o r e a s s e m b l y t o b e more a c c u r a t e l y measured.
The t h i c k n e s s e s of t h e y o k e s between the top and b o t t o m p a i r s o f q u a d r a n t s have a l s o b e e n i n c r e a s e d , k e e p i n g t h e f l u x d e n s i t i e s h e r e below 1.4 T. T h i s a l s o i n c r e a s e s t h e areas o f t h e m a t i n g s u r f a c e s of t h e q u a d r a n t s , p r o v i d i n g a more s t a b l e j o i n t .
The c o i l d e s i g n h a s b e e n changed b y i n c r e a si n g t h e number of t u r n s to 33 and s h i f t i n g t h e o u t s i d e l a y e r away from t h e mid-plane.
The c o i l g e o m e t r y a n d a s s o c i a t e d o p e r a t i n g parameters were d e f i n e d w i t h t h e program, MADESTS3 S e v e r a l parameters for t h i s magnet are l i s t e d i n T a b l e 1. Hole D i a m e t e r 6 . 3 mm I n d u c t a n c e 29 mH R e s i s t a n c e 45 m i l C u r r e n t 414 A C u r r e n t D e n s i t y i n c o i l V o l t a g e S y s t e m a t i c Body E f f e c t s
Because t h e r e a r e t h r e e d i f f e r e n t q u a d r u p o l e l e n g t h s r e q u i r e d , t h e f i e l d e r r o r s i n t h e body o f t h e magnet are r e d u c e d t o a c c e p t a b l e l e v e l s i n d e p e n d e n t l y of t h e e r r o r s a r i s i n g a t t h e e n d s . 
s , t h e empty t i e -r o d h o l e , t h e s h a p e o f t h e e d g e s o f t h e c o i l c o n d u c t o r s a d j a c e n t t o t h e mid-planes
of t h e magnet, a n d t h e asymmetric c o r e .
The s y s t e m a t i c d i f f e r e n c e s were also found f o r d o i n g a g i v e n c a l c u l a t i o n w i t h a c o n s t a n t p e r m e a b i l i t y o f 2000 o r w i t h a BH t a b l e f o r SAE 1010
s t e e l a n d f o r r u n n i n g t h e f i n a l g e o m e t r y a t a maximum g r a d i e n t of 21 T/m o r a minimum of 10 T/m.
The r e s u l t s o f t h e t w o -d i m e n s i o n a l c a l c u l at i o n s , showing t h e s y s t e m a t i c e f f e c t s on t h e body
f i e l d s , are summarized i n T a b l e 2.
A l l cases l i s t e d , except case 1 , were d o n e w i t h a n SAE 1010 BH t a b l e .
The f i r s t e n t r y , REF,
i s f o r t h e f i n a l g e o m e t r y , i n c l u d i n g all d e s i g n f e a t u r e s o p e r a t i n g a t t h e maximum, n o m i n a l g r a d i e n t .
The r e l a t i v e f i e l d h a r m o n i c s a t a r a d i u s of 25 mm f o r t h e f o l l o w i n g e n t r i e s a r e l i s t e d as the amount o f c h a n g e from a c a s e t h a t w a s i d e n t i c a l e x c e p t f o r t h e f e a t u r e o f i n t e r e s t . 
E f f e c t s o f C o n s t r u c t i o n v a r i a t i o n s The e f f e c t s o f v a r i a t i o n s i n t h e c o r e geomet r y a r i s i n g d u r i n g c o r e a s s e m b l y were e s t i m a t e d w i t h c a l c u l a t i o n s o f t h e m a g n e t i c f i e l d i n t w o d i m e n s i o n s u s i n g t h e program PE2D.

The v a r i a t i o n s were modeled b y s i m p l e d i s p l a c e m e n t s o f o n l y t h e p o l e f a c e cont o u r ( s ) .
All g e o m e t r i e s u s e d f o r t h i s s t u d y i n c l u d e d
f o u r q u a d r a n t s ; a t y p i c a l g e o m e t r y is shown i n Fig. 4, 
a l o n g w i t h t h e a s s o c i a t e d f l u x l i n e s .
A number of cases were r u n where t h e poles were i n t e n t i o n a l l y The types of v a r i a t i o n s considered are summarized i n Table 3 f o r a number of r e p r e s e n t a t i v e cases.
References here t o pole numbers correspond t o the numbers appearing i n Table 4 .
The values of the harmonic c o e f f i c i e n t s , normalized t o t h e corresponding value of t h e main f i e l d , B l , are l i s t e d only as the changes from the r e s u l t s f o r a reference case i n which a l l t h e poles are e x a c t l y symmetric.
The c o e f f i c i e n t s are c a l c u l a t e d with respect t o the nominal, geometric c e n t e r of the gap; t h e r e f o r e , t h e d i p o l e c o e f f i c i e n t s a r e non-zero.
Only those c o e f f i c i e n t s are l i s t e d t h a t showed changes g r e a t e r than or equal t o lxlO-' i n a t least one case. Systematic Fnd E f f e c t s
The systematic e f f e c t s r e l a t e d t o t h e geometry of the steel a t the pole ends have been The geometries used f o r these c a l c u l a t i o n s were f o r one half of one pole, with the steel having an a x i a l length of 250 mm.
The end geometries of a l l cases included so f a r involve bevels.
These bevels are formed by one or two planes, oriented normal t o t h e plane of t h e axis of the pole. The dimensions of t h e
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The e f f e c t i v e length of t h e f i e l d was a l s o found f o r each case.
A s the bevel dimensions are increased, t h e e f f e c t i v e lengths are decreased.
Bevels with e f f e c t i v e lengths less than 267.4 mm need a maximum d r i v i n g c u r r e n t , proportionately l a r g e r than the value shown i n Table 1 , t o provide the required value of i n t e g r a t e d gradient. The r e s u l t s of s e v e r a l , preliminary c a l c u l a t i o n s a r e summarized i n Table 5 .
The values included f o r each case are t h e e f f e c t i v e length, Lo, and t h e normalized, i n t e g r a t e d harmonic c o e f f i c i e n t , B5, evaluated a t a r a d i u s of 25 mm.
The cases shown i n the t a b l e have bevels w i t h a range of s i z e s , extending from no bevel t o one composed of two bevels a t 9 O and 45O.
The values of B5 f o r these cases s t r a d d l e a value of zero, showing t h a t t h e r e e x i s t s a geometry t h a t would e f f e c t i v e l y e l i m i n a t e the 12-pole harmonic. Procedures f o r e x t r a c t i n g t h e harmonic c o e f f i c i e n t s from the p o t e n t i a l s c a l c u l a t e d by TOSCA are being developed now.
lhese procedures w i l l be used, along with geometries t h a t more accurat e l y r e p r e s e n t t h e f i n a l designs of t h e core and c o i l , t o d e f i n e the b e s t choice of end-shape f o r the poles. Other shapes, besides planar bevels, w i l l be considered.
The f i n a l shape w i l l be defined during t h e magnetic-field measurements on prototype magnets. 
